The history of chestnut utilization in Japan is very long. Many cultivars have been preserved without being sufficiently organized and studied with respect to genetic variation. We developed 12 new SSR (simple sequence repeat) markers from Japanese chestnut (Castanea crenata) by using SSR-enriched genomic libraries. All 12 primer pairs selected for SSR analysis successfully amplified fragments in 6 Castanea species. The genetic diversity and relationships among 216 chestnut accessions were assessed by SSR markers, including 142 Japanese chestnuts, 38 Chinese chestnuts (C. mollissima), 2 European chestnuts (C. sativa), 9 American chestnuts (C. dentata), and 23 Japanese-Chinese hybrids. Among the 216 accessions, we identified 21 synonym groups (including 1 bud sport group), and 189 different genotypes. The mean values of observed heterozygosity (H O ) and the expected heterozygosity (H E ) in the Japanese chestnuts were 0.65 and 0.65, respectively. A phenogram of the 189 genotypes revealed 3 major groups, corresponding to Japanese, Chinese and American chestnuts. Japanese-Chinese hybrid cultivars were mainly included in the Chinese chestnut group. In the present study, genetic backgrounds could be identified for native and cultivated Japanese chestnuts and Japanese-Chinese hybrid cultivars, and many synonyms showing identical SSR genotypes were found. Genetic and geographical relationships of unique characteristics such as "Shidareguri" (weeping) and "Togenashi" (spineless) were also discussed. These results will improve the efficiency of cultivar identification and of chestnut breeding programs.
Introduction
The Japanese chestnut (Castanea crenata Sieb. et Zucc.; Fagaceae) is naturally distributed in most temperate regions of Japan and the Korean peninsula. The genus Castanea includes several other species, including the Chinese chestnut (C. mollissima Bl.), the European chestnut (C. sativa Mill.), and the American chestnut (C. dentata Borkh.), that are cultivated commercially for their nuts and wood. Wild species include the Seguin chestnut (C. seguinii Dode.), the Henry chestnut (C. henryi Rehd. et Wils.), and the Allegheny chinkapin (C. pumila Mill.). Japanese chestnuts have been utilized and cultivated in Japan since ancient times. Some Chinese chestnuts had been introduced and hybrid cultivars between Japanese and Chinese chestnuts had been grown in Japan for at least the last few decades (Isaki 1978) . However, Chinese chestnut that had been tried to cultivate in Japan at one time is no longer cultivated commercially in Japan, probably due to their high susceptibility to the chestnut gall wasp (Isaki 1978 ).
An organized chestnut breeding program started in 1947 at the National Institute of Fruit Tree Science (NIFTS, Ibaraki, Japan; Kotobuki et al. 1999) . In total, more than 260 chestnut germplasms have been collected and registered in the Genebank of the National Institute of Agrobiological Sciences (Japan), and genetic resources have been used in chestnut breeding programs. Most of the chestnut accessions preserved in NIFTS were collected from all over Japan, covering almost all cultivated chestnut in Japan. Some accessions with unique characteristics have been maintained and are being used for introgression of these characteristics into cultivated chestnut, including accessions from the "Shidareguri" (weeping), "Togenashi" (spineless), and "Sandoguri" (flowering three times per year) groups. It is necessary to identify and characterize the genetic relation and background of genetic resources using molecular markers for establishment of chestnut breeding systems.
Recently, simple sequence repeats (SSRs, also called microsatellites) have become the markers of choice in plant species because of their abundance, high degree of polymorphism, and suitability for automated identification (Weber and May 1989) . Some SSR markers have been developed from Japanese chestnut (Yamamoto et al. 2003) and from European chestnut (Buck et al. 2003 , Marinoni et al. 2003 . Genetic linkage maps have been constructed for European chestnut (Casasoli et al. 2006 ) and a related species, pedunculate oak (Quercus robur L.) (Barreneche et al. 2004 ) using SSR markers as anchor loci.
Several SSR analyses were performed to analyze the genetic diversity of Castanea species. These include a characterization of the European chestnut cultivar heritage from southern Switzerland (Gobbin et al. 2007) , and identification of traditional chestnut varieties from southern Spain (Martin et al. 2009 ). They clarified some synonym and homonym groups, and the numbers and names of European chestnut cultivars in their regions. In Japanese chestnut, genetic diversity of wild chestnut in northern Japan was analyzed by SSR markers (Tanaka et al. 2005) . They suggested that cultivated chestnuts were most likely selected from wild populations. Japanese chestnut has extensive genetic diversity and high heterozygosity by SSR analysis (Tanaka et al. 2005 . Also, some synonym groups have been reported in Japanese chestnut (Inoue et al. 2008 . However, previous reports used small portion of Japanese chestnut germplasms that could reveal insufficient genetic diversity and they did not cover diverse genetic resources in Japan. Natural cultivars, Japanese-Chinese hybrids and Chinese chestnuts in Japan registered and preserved were not sufficiently organized and studied with respect to genetic variation. Therefore, it is necessary to reveal detailed and comprehensive genetic information for genetic resources in Japan and to make their synonymity clear by molecular markers.
In this study, the main objective is to reveal genetic relationship among chestnut cultivars including almost all genetic resources, which cover comprehensive genetic background in Japan. A total of 216 chestnut accessions were analyzed using the newly established SSR markers that showed good transferability to other Castanea species, and a large number of synonym groups were identified. Genetic evaluation was conducted on the genetic relationships among cultivated and native Castanea germplasms, as well as germplasms with unique characteristics such as the weeping, thornless, and flowering three times per year phenotypes.
Materials and Methods

Plant materials and DNA extraction
One hundred and forty-two Japanese chestnut (C. crenata) accessions were used, including 113 cultivars that originated in Japan, 13 cultivars that originated in Korea, 11 weeping strains, and 5 "Shibaguri" accessions that originated in Japan. The weeping chestnuts were collected by Kotobuki et al. (2005a) . Table 1 provides a detailed description of each accession. These Japanese chestnut accessions were obtained from all over Japan, ranging from Aomori to Miyazaki prefectures. We also used 38 Chinese chestnut (C. mollissima), 23 Japanese-Chinese hybrids, two European chestnut (C. sativa), one Seguin chestnut (C. seguinii), one Henry chestnut (C. henryi), and 9 wild American chestnut (C. dentata, kindly provided by Dr. T.L. Kubisiak) collected from the U.S. and Canada. All plant materials except for the American chestnuts were obtained from the NIFTS collection.
Genomic DNAs were extracted from young leaves or young buds by using the DNeasy Plant Mini Kit (QIAGEN, Germany) according to the manufacturer's instruction.
SSR isolation and primer designation
SSR-enriched genomic libraries were constructed from the Japanese chestnut 'Porotan', using the magnet beads method according to Nunome et al. 2006 . Genomic DNAs were fractionated in an acoustic solubilizer (Covaris, USA), and were then ligated onto an adaptor. We used four types of repeat oligonucleotides: (CA) 15 , (GA) 15 , (ATG) 10 and (TAGA) 8 for hybridization. The hybridization reaction medium was mixed with streptavidin-coated beads (Roche, Switzerland). After washing the beads, enriched genomic DNAs with repeat sequences were amplified for 25 cycles with PrimeSTAR polymerase (Takara). The PCR products were ligated into the pMD20-T vector and sequenced with version 3.1 of the BigDye Terminator cycle sequence kit (Applied Biosystems, USA).
Repeat sequences obtained from the clones from SSRenriched genomic libraries were selected by the Tandem Repeats Finder software (Benson 1999) . We used the criterion of 18 or more repeats for the SSRs: at least 10 repeats for di-nucleotide motifs, 6 repeats for tri-nucleotide motifs, 5 repeats for tetra-nucleotide motifs, 4 repeats for pentanucleotide motifs, and 3 repeats for hexa-nucleotide motifs. Primer pairs were designed with the Primer3 Web interface (Rozen and Skaletsky 2000) . General primer selection conditions were used for a primer size of 18 to 22 bp (with an optimum of 20 bp), a primer Tm of 57 to 67°C (with an optimum of 63°C), a maximum Tm difference of 1°C, a primer GC content of 50% to 60% (with an optimum of 55%), and a product size range of 100 to 300 bp.
SSR amplification
SSR analysis was carried out using two methods, with slight modifications: the direct fluorescent primer method and the T7-tailed primer methods (Schuelke 2000) . The former method was carried out as follows: PCR amplification was performed in a volume of 20 μL containing 10 μL of 2× Green Gotaq reaction buffer (0.4 mM each dNTP, 3 mM MgCl 2 , and 1 U Taq polymerase, pH 8.5), 20 pmol of each forward primer labeled with a fluorescent chemical (FAM or HEX) and unlabeled reverse primer, and 2.5 ng of genomic DNA. Amplification was performed in 35 cycles of 94°C for 1 min, 55°C for 1 min and 72°C for 2 min, for denaturation, annealing, and primer extension, respectively. The latter method was carried out as follows: PCR reaction was conducted using the latter method, on the basis of a forward primer for each SSR primer set, a primer with a 5′ tail was designed with the partial M13F promoter sequence, 5′-TGTAAAACGACGGCCAGT-3′. A third M13F primer carries the fluorescent label at the 5′ end that binds to the first PCR amplicons during the second PCR amplification. The first PCR amplification was performed in 20 μL, as in the former method, except for the primer concentration: solutions contained 4 pmol of each T7-tailed forward primer and 20 pmol of each unlabeled reverse primer. Amplification was performed in 10 cycles of 94°C for 1 min, 55°C for 1 min and 72°C for 2 min. After the first amplification, 20 pmol of the fluorescent-labeled M13F primer was added to each PCR tube. A second amplification was then performed in 35 cycles of 94°C for 1 min, 45°C for 1 min and 72°C for 2 min. PCR products amplified by both methods were separated and detected with a PRISM 3100 DNA sequencer (Applied Biosystems). The size of the amplified bands was determined by comparison with an internal standard DNA (400HD-ROX, Applied Biosystems) using the GeneScan software (Applied Biosystems).
Data analysis and phenogram construction
The observed heterozygosity (H O ) and the expected heterozygosity (H E ) were calculated using version 2.0 of the CERVUS software (Marshall et al. 1998 ) and version 1.0 of the Marker Tool Kit (Fujii et al. 2008) . The number of markers that could distinguish between pairs of chestnuts was also calculated with Marker Tool Kit. A phenogram of the 216 accessions was constructed using the UPGMA (unweighted pair-group method with using arithmetic averages) based on the similarities between genotypes estimated by Dice's coefficient: i.e., D c = 2 n xy / (n x + n y ), where n x and n y represent the putative number of SSR alleles for materials X and Y, respectively, and n xy represents the number of putative SSR alleles shared between X and Y. The version 2.1 of the NTSYS-pc software (Rohlf 1998 ) was used to visualize the phenogram.
Results
Development of SSR markers
One thousand and one hundred fifty-two positive clones were chosen and sequenced from the SSR-enriched genomic libraries. Out of 533 sequences that contained SSR motifs with 18 or more repeat nucleotides, we were able to design 217 primer pairs. In total, 109 primer pairs gave amplified products of the target size in the Japanese chestnut 'Porotan' and amplified fragments in 32 accessions from 6 Castanea species.
We examined the inheritance of the SSR alleles by using seven sets of accessions with offspring-parent relationships, including Japanese chestnuts and Japanese-Chinese hybrid chestnuts. After consideration of SSR transferability and reliability, we selected 12 SSR loci that showed good amplification in all Castanea species (Table 2) . We used the direct fluorescent primer method for the first four SSR markers (PRD2, PRD21, PRD25 and PRD26), and the T7-tailed primer methods for the other 8 SSR markers (PRD34, PRD42, PRD52, PRD53, PRA67, PRA75, PRA83 and PRA86). We used the following criteria to select an SSR marker: (1) the absence of a non-specific amplified product, (2) the ease of scoring every allele, and (3) the absence of a "null" allele. We observed no contradiction of transmission of the SSR alleles in the seven cross-combinations at the 12 SSR loci, which suggests that these SSR markers were each controlled by single locus.
Evaluation of genetic variation using the SSR markers
All 12 primer pairs provided successful amplification in all accessions including six Castanea species. There were no missing data in any of the 216 accessions, which suggests that these SSR markers are sufficiently reliable for use in a genetic diversity study. Although the European and Henry chestnuts showed single-base differences in some markers, their alleles were clearly differentiated from other alleles in the fluorescent DNA sequencer.
A total of 136 alleles were obtained at the 12 SSR loci for six Castanea species, which represents an average of 11.3 alleles per locus, ranging from 6 (PRA83) to 16 (PRD2). The allele size (bp), number of alleles, observed heterozygosity (H O ), and expected heterozygosity (H E ) were evaluated in Japanese chestnuts (Table 2) . The H O values in Japanese chestnuts ranged from 0.45 (PRD21) to 0.77 (PRA67), with an average of 0.65. The H E values in the Japanese chestnuts ranged from 0.43 (PRD21) to 0.76 (PRA67), with an average of 0.65.
Evaluation of synonym cultivars and bud sports
We successfully differentiated all but 48 of the 216 accessions with the 12 SSR markers. These 48 accessions were divided into 21 cultivar genotypes, which had the same genotypes at all SSR loci (Table 3) . 'Unryuu', which was considered to be a bud sport mutant of 'Tsukuba', which has the unique characteristic of a zigzag shoot, had a genotype identical to that of the original cultivar, 'Tsukuba' (Bud-1). The remaining 46 accessions were grouped into 20 cultivar genotypes consisting of two to four cultivars each. Some accessions with unique characteristics had identical SSR genotypes. These included the weeping chestnuts 'ShidareguriGifu' and 'Shidareguri-Batouinn' (Syn-17), and the thornless chestnuts 'Togenashi' and 'Togenashi-Aomori' (Syn-19).
Of the 13 accessions introduced from the Korean peninsula into Japan, six showed the same genotypes as native Japanese cultivars (Table 3) : 'Boseongyul' and 'Shichifukuwase' (Syn-16), 'Daabgea B' and 'Kanotsume' (Syn-11), 'Jangangea' and 'Enanishiki' (Syn-2) and 'Yangju 20' and 'Ganne' (Syn-3). In addition, 'Geungsan 1' and 'Hamyanggea' were the same genotype as 'Ginyose' (Syn-4).
Genetic relationships among the chestnut accessions
We constructed a phenogram of 189 chestnut accessions and found three major groups (A, B and C; Fig. 1 ). Out of 48 accessions of synonyms and bud sports, 27 accessions were excluded from the phenogram to avoid the replication of the genotypes, and 21 represetative cultivar genotypes were used. The groups clearly correspond to different Castanea species. Group A consists of Japanese chestnuts and some Japanese-Chinese hybrids. Some native cultivars formed subgroup A1, in which no cultivated chestnuts were found except for 'Ginyose'. Five "Shibaguri" chestnuts (wild and native Japanese chestnuts), chestnuts introduced from the Korean peninsula, and 11 weeping chestnuts were not grouped close together, but were instead distributed within group A. Group B includes Chinese chestnuts and JapaneseChinese hybrids. The Japanese-Chinese hybrids form subgroup B1, and Japanese-Chinese hybrids and Chinese chestnuts can be distinguished. Subgroup B1 consists of cultivars that originated in Japan. Group C consists of American chestnuts. The Seguin and European chestnuts were not included in groups A, B and C.
Discussion
We constructed SSR-enriched genomic libraries from the Japanese chestnut 'Porotan', and developed 12 SSR markers that could easily distinguish among the cultivars in a large group of chestnut accessions. These 12 SSR markers produced amplified fragments in all six Castanea species that we included, and showed high transferability across species. Wang et al. (2008) reported that only 80% of the SSR loci originating from C. sativa produced amplification in Chinese species. Thus, our SSR markers are sufficiently reliable to permit genetic diversity studies of Castanea species. The mean H O and H E values for the Japanese chestnuts were 0.65 and 0.65, respectively (Table 2) . They are enough reliable as the value of whole Japanese chestnuts because the Japanese chestnut accessions used in this study were obtained from all over Japan, and these accessions cover a large proportion of the genetic resources in Japan. Also, the heterozygosities we obtained were similar to those obtained for other species in the Fagaceae, such as Fagus sylvatica (H O = 0.727 and H E = 0.753; Pastorelli et al. 2003) and Quercus rubra (H O = 0.679 and H E = 0.737; Aldrich et al. 2002) .
Many synonymous cultivars have been identified among fruit trees by means of SSR analyses (Gobbin et al. 2007 , Hayashi et al. 2008 , Martin et al. 2009 ). In Japanese apricot, 9 synonym groups covering 21 cultivars were found among 127 germplasms through the use of 14 SSR markers (Hayashi et al. 2008) . Some synonym and homonym groups were also found in European chestnut (Gobbin et al. 2007 , Martin et al. 2009 ). In the Japanese chestnuts, many synonym groups were also believed by breeders to exist, and it was felt necessary for breeders to distinguish among them. In 1913, out of 113 accessions, 29 were grouped into 6 groups with similar morphological characteristics, and were unified to provide standardized names (Yagioka 1915 ). However, their identification is insufficient because morphological characteristics fluctuate by environmental condition. Here, we found 20 synonym groups and 1 bud sport group that included 48 accessions by SSR markers (Table 3 ). The synonym groups showed similar nut ripening dates and morphological characteristics (Genebank: http://www.gene. affrc.go.jp/databases-plant_search_char.php, 7 May 2010), strongly suggesting synonymity. Isaki (1978) also reported that 'Ginrei' and 'Chuutan A' (Syn-1) appeared to be synonyms because of the similar shape of their nuts and similar harvesting dates. It was also reported that 'Riheiguri' and 'Tanabeguri' (Syn-15) showed the same or very similar characteristics in tree vigor, growth habit, branch development, leaf size, or harvest time (Isaki 1978) . Interestingly, many of these cultivars showing identical genotypes were originated from different prefecture. They might be probably carried among locations by humans. Some accessions with unique characteristics showed identical SSR genotypes. The weeping chestnuts 'ShidareguriGifu' and 'Shidareguri-Batouinn' showed identical genotypes (Syn-17) in our SSR analysis, although they were obtained from Gifu and Tochigi, respectively. In Japan, weeping chestnuts have been valued and preserved by local governments and shrines for many years. 'Shidareguri-Batouinn' is said to have been introduced from Ibaraki into Tochigi during the Edo period (Kotobuki et al. 2005a) . Thus, 'ShidareguriBatouinn' might have been carried from Gifu via Ibaraki. The thornless chestnuts 'Togenashi' and 'Togenashi-aomori' had the same genotype (Syn-19). The word togenashi means "thornless" in Japanese, and these accessions share that unique characteristic. Since 'Togenashi' and 'Togenashiaomori' were obtained from Yamagata and Aomori, respectively, they might also have been carried between prefectures and vegetatively propagated because of this unique characteristic.
Japanese chestnuts have been introduced from Japan into Korea, and most cultivars grown in Korea are Japanese (Kim 2006) . They include both native Japanese cultivars and cultivars released in Japan (Kim 2006) . Of the 13 accessions introduced from the Korean peninsula into Japan, 6 had the same genotypes as 5 native Japanese cultivars ('Ginyose' in Syn-4, 'Ganne' in Syn-3, 'Kanotsume' in Syn-11, 'Shichifukuwase' in Syn-16 and 'Enanishiki' in Syn-2). Since 'Ginyose' and 'Ganne' that are leading cultivars in Japan are commonly cultivated under Japanese names in Korea, the original names (Japanese names) of cultivars were usually retained. Another name might have been given in some case when these cultivars were introduced from Japan into Korea. 'Kanotsume', which had already been recorded in Japan as early as 1913 (Yagioka 1915) , did not retain its name in Korea. Instead, it was probably renamed 'Daabgea B' when it was introduced into Korea. On the other hand, there is little information about the origins of 'Shichifukuwase' and 'Enanishiki', except for their registration as native cultivars in Japan. Further research will be necessary to clarify whether these cultivars originated in Japan or Korea.
In the phenogram based on our SSR analysis, the 216 accessions were clearly divided into three major groups: A (Japanese chestnuts), B (Chinese chestnuts), and C (American chestnuts). "Shibaguri" chestnuts, which are thought to be the ancestors of Japanese chestnuts, were distributed in group A, confirming the results of Yamamoto et al. (1998) . Subgroup B1 consisted of Japanese-Chinese hybrid cultivars that originated in Japan and that were bred by means of interspecific hybridization. Although 'Jungbu 26' and 'Kapyong' were introduced from Korea into Japan and documented as Japanese chestnuts, they were found in group B. This suggests that Japanese, Chinese, and hybrid chestnuts might co-exist in the Korean peninsula (Inoue et al. 2008 , Isaki 1978 . Thus, these accessions are likely to be Chinese or Japanese-Chinese hybrid chestnuts.
The weeping chestnuts were not grouped together, but were distributed within group A. Kotobuki et al. (2005b) reported that the weeping habit of 'Shidareguri-Tatsuno' was controlled by a single dominant gene and that the weeping habits of 'Shidareguri-Gifu' and 'Shidareguri-Toono' were controlled by single recessive genes. 'Onoshidare 1', 'Onoshidare 16' and 'Onoshidare 17' were introduced from a region where many weeping chestnuts were densely and naturally distributed in the same region of 'ShidareguriTatsuno', their weeping characteristic is probably controlled by a single dominant gene. The weeping chestnuts controlled by a single dominant gene were originally distributed in Nagano Prefecture, suggesting that the origin of the dominant weeping trait was Nagano Prefecture. On the other hand, weeping chestnuts controlled by single recessive genes were found in some prefectures (Gifu, Tochigi, Iwate and Miyagi; Kotobuki et al. 2005b) . It is difficult to clarify the origin of the weeping chestnuts because some would have been carried among locations by humans, and there appears to be no morphological difference between the cultivars grouped by modes of inheritance of this characteristic. To confirm whether they have a different genetic inheritance, further genetic and breeding studies of weeping chestnuts will be necessary.
Whereas chestnuts usually flower once a year, around June, chestnut accessions that flower and produce nuts two or three times a year are widely distributed in various regions of Japan (Kotobuki 1994) . These chestnuts are named "Sandoguri". Although they have morphological characteristics similar to those of the Japanese-Seguin hybrids, their taxonomic relationships have not been elucidated. In our phenogram, 'Sandoguri-Koujunji B' and 'SandoguriKoujunji C' were included in group A, and SSR alleles that originated in the Seguin chestnut were not observed in "Sandoguri". These results suggest that "Sandoguri" cultivars have a pure Japanese chestnut genetic background.
In conclusion, our results reveal the genetic diversity of a large number of accessions, and have identified many synonymous cultivars originated from different prefecture. We suggested that many cultivars would have been carried among locations by humans for unique characteristics such as "Shidareguri" (weeping), "Togenashi" (spineless). This is the first report to catalog Japanese chestnut cultivars through the use of many common SSR markers. Further studies are required to evaluate chestnuts genetic resources in chestnuts breeding systems using both phenotypic traits and molecular markers. These results will be useful in improving the efficiency of chestnut breeding programs, in identifying breeding materials, and in genetic studies.
